We investigate photospheric magnetic reconnection due to an encounter of oppositely directed vertical magnetic flux sheets, performing 2.5-dimensional magnetohydrodynamic (MHD) numerical simulations. We construct the initial flux sheets adopting the thin flux tube approximation. Since actual solar resistivity possesses a maximum at the temperature-minimum region, we adopt a resistivity model in which the resistivity is described as a function of height with a maximum (where the magnetic Reynolds number = 1000) at a middle height of our simulation box. Owing to the resistivity, the Sweet-Parker type reconnection occurs at the middle. The inflow speed (v i ∼ 160 m/s) is nearly equal to the speeds implied by observations of canceling magnetic features on the photosphere. Thus photospheric reconnection seems to be a cancellation mechanism. It is shown that upward propagating MHD slow mode waves are generated by an upward reconnection jet. Moreover, when we incline the initial field lines 30
Introduction
Recently using SoHO MDI, Schrijver et al. (1997 Schrijver et al. ( , 1998 found that in 1.5 to 3 days as much magnetic flux is cancelled as is present in quiet-network elements. The rate of flux cancellation is ∼3 × 10 21 Mx/hr on the entire Sun, which is one order of magnitude bigger than that found with previous ground based observations. The discovery stimulates us to investigate photospheric magnetic reconnection theoretically (Litvinenko, 1999; Sturrock, 1999) . Recently, performing magnetohydrodynamic (MHD) numerical simulations, Takeuchi and Shibata (2001) studied photospheric reconnection induced by convective intensification of solar surface magnetic fields. However, they could not discuss the reconnection point precisely, because they assumed a uniform resistivity in their model. Actual solar resistivity strongly depends upon the height in the atmosphere and it possesses a maximum at the temperature-minimum region. Thus, we investigate the photospheric reconnection due to an encounter of oppositely directed vertical magnetic flux sheets, by adopting a resistivity model in which the resistivity is a function of height with a maximum (where magnetic Reynolds number = 1000) at a middle height of our simulation box, performing 2.5-dimensional MHD numerical simulations.
In the following section we present the basic assumptions adopted in our calculations. In Section 3 we present our
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results and discuss them. In final section we summarize our results.
Models
We solve the resistive MHD equations numerically in a two-dimensional (2D) Cartesian geometry (x, z) where the z-axis is directed vertically upwards to the solar surface. In the calculations the y-components of vectors are assumed as a function of x and z. We assume that the fluid is an ideal gas with no viscosity, and adopt the adiabatic energy equation in which γ (the ratio of specific heats) is taken to be 5/3. The initial state is shown in Fig. 1 . Widths of our simulation box, L x and L z , are 1.0 and 8.0, respectively, where the unit of length is the photospheric pressure scale height H p (= 160 km). The level at z = 0 corresponds to the photospheric base. Since oppositely directed magnetic flux sheets come into contact with each other on the yz-plane, the plane is a current sheet. The initial density and pressure distributions in the outside of the flux sheets are calculated assuming hydrostatic equilibrium, where the temperature is taken to be a constant (T 0 = 6300 K).
We calculate the initial field configuration adopting the thin flux tube approximation (Roberts and Webb, 1978) in which the field strength is found from the pressure difference between the outside and the inside of the flux sheets. Thus, the maximum field strength in the flux sheet B 00 is calculated from where P e is the gas pressure in the outside of the flux sheets, and β = p gas / p mag = 0.3. Using B 00 we describe the variation of the field strength B 0 in x-direction in the flux sheets as follows:
Moreover, the initial x, y, and z-components of the magnetic fields are
where W is the initial width of the flux sheet. Since B 00 decreases with height and B 00 W is a constant, W increases with height. At the photoshere we choose W = 0.05 (8 km). The width is smaller than the diameter of an actual photospheric flux tube. However, in the thin flux tube approximation when we decrease the width of the flux sheet the initial field configuration tends to a magnetostatic equilibrium solution. Thus the width is an optimal choice. Note that the initial field lines in the left flux sheet were inclined at an angle θ from the vertical direction, because it seems natural to assume the angle rather than to assume perfectly anti-parallel flux sheets. In the calculations we examine two cases, θ = 0 • and 30 • . It is well known that actual solar resistivity possesses a maximum at the temperature-minimum region. To model the resistivity distribution we adopt
where R m is the magnetic Reynolds number, C s (= 8 km/s) the photospheric sound velocity, and η the magnetic diffusivity. We evaluate R m using classical resistivity (Kovitya and Cram, 1983) , to be R m ∼ 10 5 and 10 4 at the photosphere and the temperature-minimum region, respectively. However, the actual current sheets between oppositely directed vertical flux tubes are fluted by convective motions. Since fluting increases the area of the current sheet, magnetic flux reconnects more quickly than in the plane current sheet case.
In our 2D models, we take into account the fluting effect by decreasing R m . Thus our choice of R m is probably adequate.
Owing to the maximum of the resistivity, magnetic reconnection occurs in the neighborhood of the maximum. We follow the evolution by using the modified Lax-Wendroff scheme (Rubin and Burstein, 1967) , adopting an artificial viscosity (Richtmyer and Morton, 1967) . In the calculations the computational grid z is taken to be 0.05. On the other hand x is taken as follows. In the current sheet (|x| < 0.1, see Fig. 1 ), x is taken to be 0.001. Outside the current sheet, x is increased with distance from the sheet until it reaches 0.01. If it reaches 0.01, it is set to be 0.01. To ensure numerical stability, the time step is chosen sufficiently small to satisfy the Courant-Friedrichs-Lewy criterion. We adopt symmetric boundary conditions at all boundaries of the simulation box.
Results and Discussion
In Fig. 2 we show temporal evolution of temperature distribution due to the magnetic reconnection, where θ is taken to be 0
• . The horizontal and vertical directions are x and z directions, respectively. The unit of time and temperature are H p /C s (= 20 s) and the initial photospheric temperature T 0 (= 6300 K), respectively. Since the resistivity possesses a maximum at z = 2, magnetic reconnection occurs in the neighborhood of the maximum (t = 1). The reconnection point, however, is somewhat below the maximum, because the width of the initial current sheet increases with height. The reconnection is the Sweet-Parker type (Sweet, 1958; Parker, 1963) . The width of the initial flux sheet, W r , at the reconnection location is 0.1(= 16 km). The duration of the reconnection τ r is 5(= 100 s). Thus, the inflow speed v i is W r /τ r = 0.16 km/s. An example of the canceling features implies v i ∼ 45 m/s (Garcia de la Rosa et al., 1989) . Since the inflow speed is nearly equal to the speed implied by observations of canceling magnetic features on the photosphere, the photospheric reconnection seems to be one of the cancellation mechanisms.
Since the reconnection occurs in a stratified atmosphere, the upward and downward reconnection jets are not sym- Since the resistivity possesses a maximum at z = 2, magnetic reconnection occurs in the neighborhood of the maximum (t = 1). The reconnection is the Sweet-Parker type (Sweet, 1958; Parker, 1963) . MHD slow mode waves are generated by an upward reconnection jet, and they propagate upward along the magnetic field lines (Arrows show the propagation).
metric. It should be noted that slow mode MHD waves are generated by an upward reconnection jet. The slow waves propagate upward along the magnetic field lines. The propagation of the wave fronts are shown in Fig. 2 with arrows. As mentioned in Section 2, it seems unrealistic to assume that the initial flux sheets are perfectly anti-parallel. We next investigate effects of the inclination angle θ upon the reconnection. In Fig. 3 we show the temporal evolution of the y-component of magnetic field B y , where θ = 30
• . It is apparent from the figure that B y is injected by the reconnection into the right flux sheet, where initially B y is 0, and the injected B y propagates as Alfvén waves along field lines.
In the models of solar spicules upward propagating slow waves or Alfvén waves are usually assumed as initial perturbations Suematsu et al., 1982; Sterling and Mariska, 1990; Hollweg, 1992; Kudoh and Shibata, 1999) . It is interesting to compare the wave energies with those generated by the reconnections. The energy flux carried by the waves generated by reconnection are measured at z = 5(= 800 km) in the following way.
where F slow and F Alfvén are the energy flux of the slow and Alfvén waves, respectively, x 0 and x 1 are the positions of the center and the right side of the flux sheet, respectively, and
In Fig. 4 we show temporal evolution of the energy flux where the slow and Alfvén waves are shown as dashed and solid curves, respectively. The energy flux is normalized to P 0 C s (∼10 11 erg/cm 2 /s) where P 0 is the photospheric gas pressure. Figure 4 shows that the energy fluxes generated by the reconection are F slow ∼ 10 9 erg/cm 2 /s and F Alfvén ∼ 10 7 erg/cm 2 /s, and the durations of these waves are τ slow ∼ τ Alfvén ∼ 40 s. Note that we measure the energy flux at z = 5 where the width of the flux sheet is ten times wider than that at z = 0. On the other hand, in many spicule models these waves are generated at the photospheric base. To compare the two energy fluxes, we multiply the energy flux generated by the reconnections by 10. Thus, if we transform the flux into those at the photosphere, F slow ∼ 10 10 erg/cm 2 /s and F Alfvén ∼ 10 8 erg/cm 2 /s. In the spicule models of Sterling and Mariska (1990) F slow ∼ 5 × 10 8 erg/cm 2 /s and τ slow ∼ 100 s and of Hollweg (1992) F Alfvén ∼ 3 × 10 9 erg/cm 2 /s and τ Alfvén ∼ 50 s. Although the energy flux of the slow waves seems large enough, the Alfvén flux is not enough to produce that seen in solar spicules. In our calculations we have adopted β = 0.3 as the minimum value in the initial flux sheet. In the actual photospheric flux tubes, however, 0.3 is the mean value of β (Solanki, 1993) . Thus, the minimum β might be smaller than 0.3 and as we decrease the minimum β the Alfvén flux increases. For this reason, the wave energies generated by reconnection could be comparable to those assumed in the spicule models.
In our calculations, ionization, radiative relaxation, and heat conduction are omitted. The generation of the Alfvén waves is not sensitive to these omissions. Also, the omission of ionization does not affect the generation of the slow waves. Since, in the actual solar atmosphere, the reconnection takes place in the temperature-minimum region where the dynamical time scale H p /C s (= 20 s) is much shorter Alfvén waves are shown as dashed and solid curves, respectively. The energy flux is normalized with P 0 C s (∼10 11 erg/cm 2 /s) where P 0 is the photospheric gas pressure. The energy flux generated by the reconections are F slow ∼ 10 9 erg/cm 2 /s and F Alfvén ∼ 10 7 erg/cm 2 /s, and the durations are τ slow ∼ τ Alfvén ∼ 40 s.
than the radiative relaxation time (∼10 2 s), the generation of the slow waves is not affected by the neglect of non-adiabatic effects. Thus, since the wave energies generated by the reconnection process are comparable to those assumed in the spicule models, photospheric magnetic reconnection might be one of the causes of solar spicules.
Conclusions
We perform 2.5-dimensional MHD numerical simulations to investigate photospheric magnetic reconnection caused by an encounter of oppositely directed vertical magnetic flux sheets. We calculate the initial flux sheets adopting the thin flux tube approximation. In the simulations the resistivity is assumed a function of height with a maximum (where R m = 1000) at the middle height of our simulation box to simulate the actual solar resistivity.
The main results are summarized as follows:
1) Sweet-Parker type magnetic reconnection occurs at the height where the resistivity possesses a maximum (temperature-minimum region).
2) Since the inflow speed of the reconnection (v i ∼ 160 m/s) is nearly equal to the speeds implied by observations of canceling magnetic features on the photosphere, the photospheric reconnection seems to be one of the cancellation mechanisms.
3) Upward propagating MHD slow mode waves and Alfvén waves are generated by the magnetic reconnection. The energy flux are F slow ∼ 10 10 erg/cm 2 /s and F Alfvén ∼ 10 8 erg/cm 2 /s and the durations are τ slow ∼ τ Alfvén ∼ 40 s at the photosphere.
4) In models of solar spicules, upward propagating slow waves or Alfvén waves are usually assumed as initial perturbations. The wave energies due to the reconnections are comparable to those assumed in the spicule models. The photospheric magnetic reconnection might be one of the important causes of solar spicules.
